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Spin-orbit coupling plays an important role in various properties of very different materials. Moreover 
efforts are underway to control the degree and quality of spin- orbit coupling in materials with a concomitant 
control of transport properties. We calculate the frequency dependent optical conductivity in systems with 
both Rashba and Dresselhaus spin-orbit coupling. We find that when the linear Dresselhaus spin-orbit 
coupling is tuned to be equal to the Rashba spin-orbit coupling, the interband optical conductivity 
disappears. This is taken to be the signature of the recovery of SU(2) symmetry. The presence of the cubic 
Dresselhaus spin- orbit coupling modifies the dispersion relation of the charge carriers and the velocity 
operator. Thus the conductivity is modified, but the interband contribution remains suppressed at most but 
not all photon energies for a cubic coupling of reasonable magnitude. Hence, such a measurement can serve 
as a diagnostic probe of engineered spin- orbit coupling. 

Spin-orbit coupling in semiconductors 1 and at the surface of three dimensional topological insulators 2 " 8 
where protected metallic surface states exist, plays a crucial role in their fundamental physical properties. 
Similarly pseudospin leads to novel properties in graphene 9 " 11 and other two dimensional membranes, such 
as single layer MoS 2 l2 ~ 17 and silicene 18 " 22 . In particular MoS 2 has been discussed within the context of valleytronics 
where the valley degree of freedom can be manipulated with the aim of encoding information in analogy to 
spintronics. Spin-orbit coupling has also been realized in zincblende semiconductor quantum wells 23 " 25 and 
neutral atomic Bose-Einstein condensates 26 at very low temperature 27 . 

In some systems both Rashba 28 and Dresselhaus 29 spin-orbit coupling are manipulated, the former arising from 
an inversion asymmetry of the grown layer while the latter comes from the bulk crystal. In general spin-orbit 
coupling will lead to rotation of the spin of charge carriers as they change their momentum, because SU(2) 
symmetry is broken. In momentum space this has been observed by angle-resolved photoemission spectroscopy 
(ARPES) as the phenomenon of spin momentum locking. In a special situation when the strength of Rashba and 
Dresselhaus spin-orbit coupling are tuned to be equal, SU(2) symmetry is recovered and a persistent spin helix 
state is found 23 " 25 . This state is robust against any spin-independent scattering. However it will be potentially 
destroyed by the cubic Dresselhaus term which is usually tuned to be negligible. 

To describe these effects we consider a model Hamiltonian describing a free electron gas with kinetic energy 
given simply by h 2 k 2 /(2m), which describes charge carriers with effective mass m. We also include spin-orbit 
coupling terms, with linear Rashba (a x ) and Dresselhaus (Pi) couplings, along with a cubic Dresselhaus (jS 3 ) term. 
The Hamiltonian is 



2m 



I + <xi {k y b x - k x o y ) + P 1 (k x a x - k y b y 



-P 3 {k x k 2 y G x -k y k 2 x G y y 



(1) 



Here o X) b y and b z are the Pauli matrices for spin (or pseudospin in a neutral atomic Bose-Einstein condensate) 
and I is the unit matrix. For units we use a typical wave vector k 0 = moc 0 /tj 2 with corresponding energy 
E 0 = trial I h 2 > wnere a o is a representative spin-orbit coupling which has quite different values for semiconductors 
(a 0 M ~ 10 5 mis, estimated from Ref. 25) and cold atoms (oc 0 /h —0.1 mis, estimated from Ref. 26). The mass of a 
cold atom is at least 1000 times heavier than that of an electron and the wavelength of the laser used to trap the 
atoms is at least 1000 times (estimated from Ref. 26) larger than the lattice spacing in semiconductors. 

In this report we study the dynamic longitudinal optical conductivity of such a spin-orbit coupled 2D electron 
gas. We find that the interband optical absorption will disappear when the Rashba coupling is tuned to be equal to 
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the Dresselhaus coupling strength. We discuss the effect of nonlinear 
(cubic) Dresselhaus coupling on the shape of the interband conduc- 
tivity and the effect of the asymmetry between the conduction and 
valence band which results from a mass term in the dispersion 
curves. 

Results 

We compute the optical conductivity (see Methods section) as a 
function of frequency, for various electron fillings and spin-orbit 
coupling strengths. In all our figures we will use a dimensionless 
definition of spin-orbit coupling; for example, the choice of values 
designated in the lower right frame of Fig. 1, a x = 0.2, ft = 0.3, and 
ft = 0.3, really means ai/a 0 = 0.2, ft/a 0 = 0-3, and ft/c^/ao = 0.3. 

In Fig. 1 we plot the spin direction in the conduction band as a 
function of momentum for several cases. The top left frame is for 
pure Rashba coupling, in which case spin is locked to be perpendic- 
ular to momentum 2 as has been verified in spin angle- resolved 
photoemission spectroscopy studies 30 " 33 . The top right frame gives 
results for pure linear Dresselhaus coupling (no cubic term ft = 0). 
The spin pattern is now quite different; the direction of the spin 
follows the mirror image of the momentum about the x-axis. The 
lower left frame for equal linear Rashba and Dresselhaus coupling is 
the most interesting to us here. All spins are locked in one direction, 
namely 0 = 3n/4 with those in the bottom (upper) triangle pointing 
parallel (anti-parallel) to the 3n/4 direction, respectively. This spin 
arrangement corresponds to the persistent spin helix state of Ref. 
23-25. The condition a x = ft and ft = 0 is a state of zero Berry 
phase 34 and was also characterized by Li et at. 35 as a state in which the 
spin transverse "force" due to spin-orbit coupling cancels exactly. 
Finally the right lower frame includes a contribution from the cubic 
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Dresselhaus term of Eq. (1) and shows a more complex spin arran- 
gement. Spin textures have been the subject of many recent 
studies 30 " 33 ' 36 . In Fig. 2 we present results for the dispersion curves 
in the conduction and valence band E +/ _(k) of Eq. (10) as a function 
of momentum k. The two left panels are pure Rashba (top) and 
Rashba equals to Dresselhaus (bottom, see also Fig. 1 of Ref. 37 where 
only the contour plots of the valence band is shown). The two right 
panels include the Dresselhaus warping cubic term which pro- 
foundly affects the band structure. 

The optical conductivity is obtained through transitions from one 
electronic state to another. In general these can be divided into two 
categories — transitions involving states within the same band, and 
interband transitions. Here we focus on interband transitions; the 
interband optical conductivity is given by 



1 



kdkdO 



[VxSi + VySx) 



ico4n 2 jo 
/(£+)-/(£_) 



Sj + S 2 2 

/(£+)-/(£- 



two — E + + £_ + id ftco — E- +E + + id 



where f(x) = \j (e^ x ^)/^ T + l) is the Fermi-Dirac distribution 
function with fx the chemical potential. For ft = 0 and ft = a l5 
we have a cancellation in the optical matrix element, V X S 2 + V y Si 
= 0; remarkably the interband contribution vanishes. This result is 
central to our work and shows that in the persistent spin helix state 
the interband contribution to the dynamic longitudinal optical con- 
ductivity vanishes. This is the optical signature of the existence of the 
spin helix state which exhibits remarkable properties. With ft = 0 
the optical matrix element is (P\ — xf)k y /fi. Thus, pure Rashba or 
pure (linear) Dresselhaus coupling will both lead to exactly the same 
conductivity although the states (and spin texture) involved differ by 
a phase factor of n. When they are both present in equal amounts this 
phase leads to a cancelation which reduces the interband transitions 
to zero as the two contributions need to be added before the square is 
taken. Of course the joint density of states, widely used to discuss 
optical absorption processes, remains finite. It is given by 







Figure 1 | Spin texture in the conduction band as a function of 
momentum k x /ko, kylk^ for various values of Rashba (#i), Dresselhaus 
(Pi), and cubic Dresselhaus (/? 3 ) spin-orbit coupling. In the case of purely 
Rashba coupling (upper left frame), the spin is locked in the direction 
perpendicular to momentum, while for linear Dresselhaus coupling 
(upper right frame) the y-component of spin is of opposite sign to that of 
its momentum. For the persistent spin helix state (lower left frame) all 
spins are locked in the 3n/4 direction and oppositely directed on either side 
of this critical direction. The lower right frame shows the spin texture for a 
case with all three kinds of coupling. 



Figure 2 | Band structure of the conduction and valence band (Eq. (10)) 
as a function of momentum kjkoy kylk^ for various values of Rashba (a x ), 
Dresselhaus (Pi), and cubic Dresselhaus (ft) spin-orbit coupling. The left 
two panels are for pure Rashba oti = 1.0, Pi = 0.0, ft = 0.0 (top panel) and 
Rashba equals to Dresselhaus a x = 0.5, Pi = 0.5, ft = 0.0 (bottom panel). 
The right two panels are for a x = 0.4, ft = 0.4, ft = 0.3 (top panel) and ax 
= 0.2, Pi = 0.8, ft = 0.3 (bottom panel). The dispersion curves are 
profoundly changed from the familiar Dirac cone of the pure Rashba case 
when Pi and ft are switched on. In the contour plots, red refers to energy 
0.2E 0 and dark green refers to energy — 0.2£ 0 . 
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D(co) = JL kdkd9\f(E + ) -/(£_ )] 



(3) 



and will be contrasted with the interband optical conductivity below. 

We first focus on the case P 3 = 0. The interband conductivity is 
shown in Fig. 3 as a function of frequency for positive (top frame) and 
negative (bottom frame) chemical potential (fi/E 0 = ± 0.2). It is clear 
that there is a considerable difference between the two cases, and 
there is also considerable variation with the degree of Rashba vs. 
Dresselhaus coupling. This will be discussed further below. Most 
important is that for equal amounts of Rashba and Dresselhaus 
coupling, the interband conductivity is identically zero for all 
frequencies. 

What is the impact of a finite value of /? 3 ? In Fig. 4 we show both 
the joint density of states (top two panels) and the interband con- 
ductivity (bottom two panels) for non-zero P 3 for /n/E 0 = 0.2 (left 
panels) and fi/E 0 = -0.2 (right panels). Various combinations of oe l5 
Pi and p 3 are shown as labeled on the figure. There is a striking 
asymmetry between positive and negative values of the chemical 
potential. This asymmetry has its origin in the quadratic term jfk 2 / 
(2m) of the Hamiltonian (1) which adds positively to the energy in 
both valence and conduction band while the Dirac like contribution 
is negative (s = -1) and positive (s = +1) respectively [see Eq. (10)]. 
While the quadratic piece drops out of the energy denominator in Eq. 
(2) it remains in the Fermi factors f(E+) and f(E_). 

Several features of these curves are noteworthy. They all have van 
Hove singularities which can be traced to extrema in the energy 
difference E+—E- = 2y/S\ + Sj. Taking p 3 = 0 for simplicity, this 



energy becomes 2ky oc\ + P^-\-2(XiP 1 sin(20) which depends on the 
direction (9) of momentum k, but has no minimum or maximum as a 
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Figure 3 | The interband contribution to the longitudinal optical 
conductivity of Eq. (2) for various values of a x and Pi as labeled, with p 3 
set to zero. In the top frame the chemical potential was set at fi/E 0 = 0.2 and 
in the bottom filE Q = —0.2. 



function of |k| = k. To get an extremum one needs to have a non-zero 
cubic Dresselhaus term. This gives dispersion curves which flatten 
out with increasing values of k. The dependence of the energy E + - E_ 
on momentum is illustrated in Fig. 5 where we provide a color plot 
for this energy as a function of k x /k 0 and k y /k 0 for two sets of spin- 
orbit parameters oci = 0.4, Pi = 0.4, p 3 = 0.3 (top panel) and a x = 0.2, 
Pi = 0.8, p 3 = 0.3 (bottom panel). Note the saddle points correspond 
to the most prominent van Hove singularities in the joint density of 
states (and conductivity) in Fig. 4. The van Hove singularities are at 
about 1.4£ 0 (k x = k y in the momentum space) in the top frame of 
Fig. 5 and at about 2E 0 (k x = k y ) and 0.9£ 0 (k x = -k y ) in the bottom. 

Discussion 

The optical conductivity is often characterized by the joint density of 
states, D(<x>), which has a finite onset at small energies. This is well 
known in the graphene literature where interband transitions start 
exactly at a photon energy equal to twice the chemical potential. Here 
this still holds approximately in all the cases considered in Fig. 4 
except for the solid red curve in the two left side frames. In this case 
^ i — Pi — 0.4 and P 3 is non zero. If P 3 is small the energy + S\ 
would be approximately equal to ^^1^1+ sin 20, which is zero 
for 0 = 37i/4, the critical angle in the spin texture of the lower left 
frame of Fig. 1 for which all spins are locked in this direction. This 
means that only the quadratic term h 2 k 2 l(2m) and cubic Dresselhaus 
term contribute to the dispersion curve in this direction and there is 
no linear (in k) graphene-like contribution. Thus, the onset of the 
interband optical transition no longer corresponds to co = 2\i. 

Considering the case of positive fi, for the direction 0 = 3n/4, (kl 
k 0 ) 2 /2 + P 3 (k/k 0 y is the dominant contribution to the energy which 
is equal to fi/E 0 and the minimum photon energy is now 2p 3 (k/k 0 ) 3 , 
which could be very small as is clear from the figure. For negative 
values of fi the onset is closer to 2\fi\/E 0 because in this case the 
momentum at which the chemical potential crosses the band disper- 
sion is given by (k/k 0 ) 2 /2 — oci(k/k 0 ) = —/h/Eq (the cubic term is 
ignored because it is subdominant for small k/k 0 compared to the 
linear term). Now the photon energy onset will fall above 2\/n\ AE 0 , at a 
value dependent on 

While the optical conductivity Eq. (2) requires a non -zero joint 
density of states Eq. (3), the additional weighting of ( V X S 2 + V y Si) 2 in 
(T xx (co) can introduce considerable changes to its co dependence 38 as 
we see in Fig. 3 and Fig. 4. In the top frame of Fig. 3, p 3 = 0 and there 
are no van Hove singularities because the Dirac contribution to the 
dispersion curves simply increases with increasing k. The solid black 
and dashed red curves both reduce to the pure graphene case with 
onset exactly at 2/n and flat background beyond. The dotted red curve 
for mixed linear Dresselhaus and Rashba is only slightly different. 
The onset is near but below 2\i and the background has increased in 
amplitude. It is also no longer completely flat to high frequency; 
instead it has a kink near ftco/E 0 — 1.7 after which it drops. The 
dash-dotted black curve for a x = 0.4 and Pi = 0.6 has changed 
completely with background reduced to near zero but with a large 
peak corresponding to an onset which has shifted to a value much 
less than 2\i. Finally for a x = Pi the entire interband transition region 
is completely depleted as we know from Eq. (2). 

In Fig. 4 there is (non-zero) cubic Dresselhaus coupling present. 
The solid red curves, for which a x = p x but with p 3 = 0.3 illustrate 
that the conductivity on the left (positive /n) is non-zero, and p 3 = 0 is 
necessary for a vanishing interband conductivity at all photon ener- 
gies. We see, however, that these transitions have been greatly 
reduced below what they would be in graphene for all photon ener- 
gies except for a narrow absorption peak at co much less than 2/i. For 
negative values of fi, on the other hand, even with P 3 7^ 0 the con- 
ductivity is zero. 

The experimental observation of such a narrow low energy peak 
together with high energy van Hove singularities could be taken as a 
measure of nonzero p 3 . It is interesting to compare these curves for 
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Figure 4 | Joint density of states D{co) (top two panels) defined in Eq. (3) which involves the same transitions as does the interband conductivity 

(bottom 

for -0.2, 



(y x s 2 + y y Si) 2 

(bottom two panels) of Eq. (2) but without the critical weighting 2 — — — . Left column is for positive chemical potential fi/E 0 = 0.2 and the right 



the conductivity with the joint density of states (lower frames). The 
color and line types are the same for both panels. The onset energy as 
well as energies of the van Hove singularities are unchanged in going 
from the joint density of states to the conductivity. Also, as is par- 
ticularly evident in the dotted black and short dashed red curves the 
1 1 co factor in o xx {oS) leads to a nearly flat background for the con- 
ductivity as compared with a region of nearly linear rise in the density 
of states. This is true for both positive and negative values of fi. 

In conclusion we have calculated the interband longitudinal con- 
ductivity as a function of photon energy for the case of combined 
Rashba and Dresselhaus spin-orbit coupling. We have also consid- 
ered the possibility of a cubic Dresselhaus contribution. We find that 
in the persistent spin helix state when the spins are locked at an angle 
of 37i/4 independent of momentum, which arises when the linear 
Rashba coupling is equal to the linear Dresselhaus coupling, the 
interband optical transitions vanish and there is no finite energy 
absorption from these processes. Only the Drude intraband transi- 
tions will remain. When the cubic Dresselhaus term is nonzero the 
cancelation is no longer exact but we expect interband absorption to 
remain strongly depressed for photon energies above 2p as com- 
pared, for example, to the universal background value found in single 
layer graphene. We propose interband optics as a sensitive probe of 
the relative size of Rashba and Dresselhaus spin orbit coupling as well 
as cubic corrections. 



Methods 

The optical conductivity is given by 



e 2 1 [ kcut 

ffxxM = r kdkdOTY^ Tr(v x G(k,cDi)v x G(k,a> n + CDi)). 

ico4n 2 ) 0 V 



(4) 



Here T is the temperature and Tr is a trace over the 2X2 matrix, and co n = (2n + 
1)tzT and coi = 2\tlV are the Fermion and Boson Matsubara frequencies respectively 
with n and / integers. To get the conductivity which is a real frequency quantity, we 
needed to make an analytic continuation from imaginary ico n to co + id, where co is 
real and 5 is an infinitesimal. The velocity operators v x and v y are given by 



. dH 0 
' hdk x 
_ dHp 
hdky 



V!l+V x a x + V y a y 



■-V' I I+V' x o x + V y o y . 



(5) 



Here Vj = tikjm, V x =(^ l -#$^) jh V y = (-a x + 2^k y k x )lh, Vi = hk y /m, 
V' x = (ai - 2P 3 kyk x ) /// and V' y = ( - ft + ft**) /%. 
The Green's function can be written as 39 

G{k,co n ) = ~Y^ Q -\-s¥ k -a)G 0 (k,s,co n ) 

2 s=± 

where F k = (Si , - S 2 ,0) / y/Sj + S 2 , 



(6) 
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Figure 5 | Color contour plot of the energy difference + S\ = 

E + — E_ , as a function of momentum (k^ k y ) in units of for a x = 0.4, f$ 1 

= 0.4, p 3 = 0.3 (top panel) and a x = 0.2, fi x = 0.8, ft = 0.3 (bottom panel). 



G 0 (k,s,fw„) = 



and 



5 1 = (a l k y + p i k x -p 3 k x kf) 

5 2 = (a l k x + P l k y -P 3 k y k 2 x ) 
The wave function is given by 



*k,±|0> = 



1 



4,,l°>: 



Si — iS 2 + . 

J — L 4j°> 



with corresponding eigenvalues 

E ± - 



2m 



(7) 



(8) 



(9) 



(10) 



Here c£ f (4 j) crea t es a particle with momentum k and spin up (down). The spin 
expectation values work out to be 



*{V k , ± \a y \V k ,, 



, ft -Si 



(11) 



= ^k,±|^k,±>=0. 



These formulas allow us to calculate the spin texture, as well as the optical conduc- 
tivity as given in Eq. (2). 

1. Wolf, S. A. et al. Spintronics: A Spin-Based Electronics Vision for the Future. 
Science 294, 1488-1495 (2001). 

2. Hasan, M. Z. & Kane, C. L. Colloquium: Topological insulators. Rev. Mod. Phys. 
82, 3045C3067 (2010). 

3. Moore, J. E. The birth of topological insulators. Nature 464, 194-198 (2010). 

4. Qi, X.-L. & Zhang, S.-C. The quantum spin Hall effect and topological insulators. 
Physics Today 63, 33-38 (2010). 

5. Bernevig, B. A., Hughes, T. L. & Zhang, S.-C. Quantum Spin Hall Effect and 
Topological Phase Transition in HgTe Quantum Wells. Science 314, 1757-1761 
(2006). 



6. Fu, L., Kane, C. L. & Mele, E. J. Topological Insulators in Three Dimensions. Phys. 
Rev. Lett. 98, 106803 (2007). 

7. Chen, Y.-L. et al. Experimental Realization of a Three-Dimensional Topological 
Insulator, Bi 2 Te 3 . Science 325, 178-181 (2009). 

8. Li, Zhou & Carbotte, J. P. Hexagonal warping on optical conductivity of surface 
states in Topological Insulator Bi 2 Te 3 . Phys. Rev. B 87, 155416 (2013). 

9. Pesin, D. & MacDonald, A. H. Spintronics and pseudospintronics in graphene and 
topological insulators. Nature Materials 11, 409-416 (2012). 

10. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 
306, 666-669 (2004). 

11. Zhang, X., Tan, Y.-W., Stormer, H. L. & Kim, P. Experimental observation of the 
quantum Hall effect and Berry's phase in graphene. Nature 438, 201-204 (2005). 

12. Mak, K. F., Lee, C, Hone, J., Shan, J. & Heinz, T. F. Atomically Thin MoS 2 : A New 
Direct-Gap Semiconductor. Phys. Rev. Lett. 105, 136805 (2010). 

13. Splendiani, A. et al. Emerging Photoluminescence in Monolayer MoS 2 . Nano Lett. 
10, 1271-1275 (2010). 

14. Lebegue, S. & Eriksson, O. Electronic structure of two-dimensional crystals from 
ab initio theory. Phys. Rev. B 79, 115409 (2009). 

15. Lee, C. et al. Anomalous Lattice Vibrations of Single- and Few- Layer MoS 2 . ACS 
Nano 4, 2695-2700 (2010). 

16. Li, Zhou & Carbotte, J. P. Longitudinal and spin/valley Hall optical conductivity in 
single layer MoS 2 . Phys. Rev. B 86, 205425 (2012). 

17. Li, Zhou & Carbotte, J. P. Impact of electron-phonon interaction on dynamic 
conductivity of gapped Dirac fermions: Application to single layer MoS 2 . Physica 
B 421, 97-104 (2013), http://dx.doi.Org/10.1016/j.physb.2013.04.030. 

18. Drummond, N. D., Zolyomi, V., & Fal'ko, V. I. Electrically tunable band gap in 
silicene. Phys. Rev. B. 85, 075423 (2012). 

19. Aufray, B. et al. Graphene-like silicon nanoribbons on Ag(110): A possible 
formation of silicene. Appl. Phys. Lett. 96, 183102 (2010). 

20. Stille, L., Tabert, C. J. & Nicol, E. J. Optical signatures of the tunable band gap and 
valley-spin coupling in silicene. Phys. Rev. B. 86, 195405 (2012). 

21. Ezawa, M. A topological insulator and helical zero mode in silicene under an 
inhomogeneous electric field. New J. Phys. 14, 033003 (2012). 

22. Ezawa, M. Spin-Valley Optical Selection Rule and Strong Circular Dichroism in 
Silicene. Phys. Rev. B. 86, 161407(R) (2012). 

23. Koralek, J. D. et al. Emergence of the persistent spin helix in semiconductor 
quantum wells. Nature 458, 610-613 (2009). 

24. Walser, M. P., Reichl, C, Wegscheider, W. & Salis, G. Direct mapping of the 
formation of a persistent spin helix. Nature Phys. 8, 757-762 (2012). 

25. Bernevig, B. A., Orenstein, J. & Zhang, S.-C. Exact SU(2) Symmetry and Persistent 
Spin Helix in a Spin-Orbit Coupled System. Phys. Rev. Lett. 97, 236601 (2006). 

26. Lin, Y. J., Jimenez- Garcia, K. & Spielman, I. B. Spin-orbit-coupled Bose-Einstein 
condensates. Nature 471, 83-86 (2011). See also Ozawa, T. & Baym, G. Ground- 
state phases of ultracold bosons with Rashba-Dresselhaus spin-orbit coupling. 
Phys. Rev. A 85, 013612 (2012). 

27. Bloch, I., Dalibard, J. & Zwerger, W. Many-body physics with ultracold gases. Rev. 
Mod. Phys. 80, 885-964 (2008). 

28. Rashba, E. I. Properties of semiconductors with an extremum loop. 1. Cyclotron 
and combinational resonance in a magnetic field perpendicular to the plane of the 
loop. Sov. Phys. Solid State 2, 1109 (1960). 

29. Dresselhaus, G. Spin-Orbit Coupling Effects in Zinc Blende Structures. Phys. Rev. 
100, 580-586 (1955). 

30. Jozwiak, C. et al. Widespread spin polarization effects in photoemission from 
topological insulators. Phys. Rev. B 84, 165113 (2011). 

31. Jozwiak, C. et al. Photoelectron spin-flipping and texture manipulation in a 
topological insulator. Nature Phys. 9, 293-298 (2013). 

32. Xu, S.-Y. et al. Topological Phase Transition and Texture Inversion in a Tunable 
Topological Insulator. Science 332, 560 (2011). 

33. Wang, Y. H. et al. Observation of a Warped Helical Spin Texture in Bi 2 Se 3 from 
Circular Dichroism Angle- Resolved Photoemission Spectroscopy. Phys. Rev. Lett. 
107,207602 (2011). 

34. Shen, S.-Q. Spin Hall effect and Berry phase in two-dimensional electron gas. 
Phys. Rev. B 70, 081311(R) (2004). 

35. Li, J., Hu, L. & Shen, S.-Q. Spin resolved Hall effect driven by spin-orbit coupling. 
Phys. Rev. B 71, 241305(R) (2005). 

36. Khomitsky, D. V. Electric-field induced spin textures in a superlattice with Rashba 
and Dresselhaus spin-orbit coupling. Phys. Rev. B. 79, 205401 (2009). 

37. Li, Zhou, Covaci, L. & Marsiglio, F. Impact of Dresselhaus versus Rashba spin- 
orbit coupling on the Holstein polaron. Phys. Rev. B 85, 205112 (2012). 

38. Maytorena, J. A., Lopez-Bastidas, C. & Mirele, F. Spin and charge optical 
conductivities in spin-orbit coupled systems. Phys. Rev. B. 74, 235313 (2006). 

39. Grimaldi, C, Cappelluti, E. & Marsiglio, F. Off-Fermi surface cancellation effects 
in spin- Hall conductivity of a two-dimensional Rashba electron gas. Phys. Rev. B 
73, 081303R (2006); Spin-Hall Conductivity in Electron- Phonon Coupled 
Systems. Phys. Rev. Lett. 97, 066601 (2006). 



Acknowledgments 



This work was supported by the Natural Sciences and Engineering Research Council of 
Canada (NSERC), the Canadian Institute for Advanced Research (CIFAR), and Alberta 
Innovates. 



SCIENTIFIC REPORTS | 3 : 2828 | DOI: 1 0.1 038/srep02828 



5 



Author contributions 

Z.L. carried out the calculations, and all authors, Z.L., F.M. and J.P.C. contributed equally to 
the development of the work. 



Additional information 

Competing financial interests: The authors declare no competing financial interests. 

How to cite this article: Li, Z., Marsiglio, F. & Carbotte, J.P. Vanishing of interband light 
absorption in a persistent spin helix state. Sci. Rep. 3, 2828; DOI:10.1038/srep02828 (2013). 

|/££v ^ I This work is licensed under a Creative Commons Attribution 3.0 Unported license. 
I^^^KS^H To view a copy of this license, visit http://creativecommons.Org/licenses/by/3.0 



SCIENTIFIC REPORTS | 3 : 2828 | DOI: 1 0.1 038/srep02828 



6 



